We present new ASCA observations covering the 0.5-10 keV X-ray range of the cooling neutron star candidates PSR 0656ϩ14 and PSR 1055Ϫ52. Previous ROSAT observations had shown that two-component models, either two blackbodies or a blackbody plus a power-law, provided the best spectral fits to their X-ray emission. The combined ASCA and ROSAT spectrum of PSR 0656ϩ14 reveals two blackbody components with
INTRODUCTION
X-ray emission from pulsars is generally explained in one of three ways: thermal emission from the entire surface, thermal emission from a hot polar cap, or power-law emission from the pulsar magnetsophere. ROSAT observations of the pulsars PSR 0656ϩ14 (Finley, Ö gelman, & Kızıloglu 1992) , Geminga (Halpern & Ruderman 1993) , PSR 1055Ϫ52 , and the Vela pulsar (Ö gelman, Finley, & Zimmerman 1993) have revealed spectra that are combinations of the surface thermal emission plus one of the other mechanisms. The limited energy range of ROSAT makes it difficult to constrain the parameters of the hard components of these neutron stars. In this letter we present the details of the ASCA observations of PSR 0656ϩ14 and PSR 1055Ϫ52 (see Table  1 ). Then we explain the spectral and timing analysis, and finally we discuss the consequences of these results.
OBSERVATIONS AND RESULTS
The ASCA observation of PSR 0656ϩ14 took place from 1994 March 31 to 1994 April 1, and the observation of PSR 1055Ϫ52 was done on 1995 January 18. The two ASCA Solid State Imaging Spectometers (SIS) are X-ray CCD cameras in the focal planes of two of the four telescopes on the ASCA satellite (Tanaka, Inoue, & Holt 1994) . For these observations two CCDs were activated for each SIS, giving a rectangular 11 ϫ 22 arcmin 2 field of view. In the focal planes of the other two telescopes are the ASCA Gas Imaging Spectrometers (GIS), which are imaging gas scintillation proportional counters with 50Ј diameter circular fields of view. After removing times of high particle background rate, we were left with SIS exposure times of 30 ks for PSR 0656ϩ14 and 27 ks for PSR 1055Ϫ52. To achieve 1 ms timing accuracy we selected GIS data accumulated at high bit rate. This limited the GIS exposure time to 19 ks for both pulsars.
Spectral
The SIS data were selected from large circles (r ϭ 3Ј) centered on the locations of the pulsars. The particular sizes were chosen so that the extraction ring did not cross over CCD chip boundaries. To test for spectral fit sensitivity to background selection, various background regions from a given chip were used. Due to uncertainties in the low-energy response of the SIS, photons with energies below 1 keV were discarded. Energies above 5 keV were dominated by background emission. In the 1-5 keV energy range, the same spectral model provided the best fit for all background regions tested. The background-subtracted SIS count rate for PSR 0656ϩ14 was 6.7 H 0.6 ϫ 10 Ϫ2 c s Ϫ1 , and PSR 1055Ϫ52 was detected at 7.1 H 1.3 ϫ 10 Ϫ3 c s Ϫ1 . For a given pulsar the spectra from both SIS detectors were fit simultaneously with the ROSAT spectrum using XSPEC v9.00.
Guided by the original ROSAT results, our initial spectral models were two component spectra composed of two blackbodies or a blackbody plus a power-law. These two component fits to PSR 0656ϩ14 did not yield acceptable results (for these fits 2 Ͼ 2), so three-component models were used. The best spectral fit was provided by two blackbodies plus a power-law with the parameters found in Table 2 . The power-law fits a THE ASTROPHYSICAL JOURNAL, 465 : L35-L38, 1996 July 1 ᭧ 1996. The American Astronomical Society. All rights reserved. Printed in U.S.A.
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relatively flat high-energy excess that extends to 15 keV, above which the spectrum is background dominated (Fig. 1) . Our interpretation of the spectrum is that the soft blackbody component is produced by thermal emission from the neutron star surface; the hard blackbody comes from a reheated polar cap, and the power-law is produced by magnetospheric emission.
From the fluxes and temperatures for the two blackbody components listed for PSR 0656ϩ14 in Table 2 we calculate the best-fit ratio of the high-temperature area to the lowtemperature area A h / A s ϭ 7 ϫ 10 Ϫ3 , and the 1 range is between 2 ϫ 10 Ϫ3 and 4 ϫ 10 Ϫ2 . Assuming a distance of 500 pc to PSR 0656ϩ14 we derive a neutron star radius of 14 Ϫ1 ϩ12 km and a high temperature emitting area of 2.5 Ϫ1.7 ϩ7.9 ϫ 10 11 cm 2 . Both these areas are those determined by an observer at infinity.
Recently, Ramanamurthy et al. (1996) have presented evidence for high-energy ␥-ray emission from PSR 0656ϩ14. Their spectral parameters for photon energies greater than 100 MeV are ␣ ϭ 2.8 H 0.3 and a number flux 4.1 H 1.4 ϫ 10 Ϫ7 photons cm Ϫ2 s Ϫ1 . These values are marginally compatible with the power-law we detect if extended to ␥-rays and are probably a result of outer gap emission. The possibility of an unresolved nebula cannot be ruled out, though.
Two component spectral fits, as found with ROSAT, work well to describe the spectrum of PSR 1055Ϫ52. Both a two-blackbody spectrum and a blackbody plus power-law spectrum fit the data well. We prefer the two-blackbody model because the best-fit power-law spectral index of 3-4 is larger than has been seen in pulsars, and the hard blackbody temperature is similar to that for PSR 0656ϩ14. The temperatures and fluxes for the two components are indicated in Table 2 . The ratio A h / A s has a best-fit value of 3 ϫ 10 Ϫ5 and lies between 6 ϫ 10 Ϫ6 and 3 ϫ 10 Ϫ4 . At a distance of 1 kpc the observed neutron star radius is 18 Ϫ4 ϩ15 km, and the hotter area is 1.1 Ϫ1.0 ϩ8.2 ϫ 10 9 cm 2 . Naively we expect that the spectrum for PSR 1055Ϫ52 is due to the same processes that produce the spectrum of PSR 0656ϩ14. The absence of the magnetospheric power-law component for PSR 1055Ϫ52 can be explained by the fact that there were nearly half the photons for this source than for PSR 0656ϩ14. Therefore, any power-law extension would not rise significantly above the background level. It is possible to add the power-law spectrum from the EGRET fits (Fierro et al. 1993 ) and produce an acceptable 2 , but the data does not require such an addition.
Timing
X-ray pulsations have been previously detected with ROSAT for both PSR 0656ϩ14 and PSR 1055Ϫ52. Using ROSAT PSPC data Finley et al. (1992) showed that PSR 0656ϩ14 was pulsed at the radio period, and Ö gelman (1995) showed that the pulsed fraction varied over the 0.1-2.4 keV energy range nearing a pulsed fraction of 20% at the highest energies. consists of a soft blackbody component that is emitted from the entire neutron star surface, a hard blackbody component that is radiated from the reheated polar cap, and a power-law extension from magnetospheric processes. In (b) the unfolded data and model spectral components are shown. For clarity, overlapping energy bins are removed and data from only a single SIS camera is shown. REFERENCES.-Timing data from Arzoumanian et al. (1992) , and Kaspi et al. (1994) . the pulsed fraction varied from 8% to 80% and settled to 40% at higher energies. In high bit rate mode the GIS data provided the time resolution (11 ms) necessary to perform timing analysis. GIS photons were extracted from a 6Ј radius circle centered on the pulsar. We estimated the number of background photons that would be expected to fall in this region by sampling areas that are the same off-axis distance as the pulsar (5Ј). The number of background photons was 1031 H 32, and the region centered on the pulsar yielded 1300 photons, corresponding to an 8 excess. The same technique was employed for PSR 1055Ϫ52, and 1083 photons were extracted from a background of 954 H 31, resulting in a 4 excess.
The source photon arrival times were then corrected to the solar system barycenter using the JPL DE200 ephemeris. Each photon from PSR 0656ϩ14 was phase related to the radio ephemeris shown in Table 1 (Arzoumanian, Nice, & Taylor 1992) , and thus the data were folded at the radio frequency. Using the Z 1 2 statistic (Buccheri et al. 1983 ) on the entire PSR 0656ϩ14 GIS dataset (0.5-10 keV) we can place a 3 upper limit on the pulsed fraction of 71%. The dataset was then divided into middle (0.5-2 keV) and high (2-10 keV) energy bins that had approximately equal numbers of photons (630 and 670, respectively). The middle energies were chosen as the energy range where the hard blackbody would be dominant, and pulsations were detected at a 2 level with a pulsed fraction of 31 H 10% (Fig. 2) . The Z 1 2 value for the high-energy photons was too low (2.1) to derive a pulsed fraction, and because this energy regime was dominated by background photons, the 3 upper limit approaches 100%. PSR 1055Ϫ52 was analyzed according to the ephemeris shown in Table 1 (Kaspi et al. 1994) . For the entire energy range, we determine that the 3 upper limit on the pulsed fraction is 87%. The middle-energy photons (0.5-2 keV, 460 photons) show pulsations at a significance of 2 that yields a pulsed fraction 93 Ϫ32 ϩ7 % (Fig. 2) . The higher energies (2-10 keV, 600 photons) gave a Z 1 2 ϭ 0.5 and suffered from the same background dominated difficulties as PSR 0656ϩ14, and again, the 3 pulsed fraction upper limit nears 100%.
Compared with the lower energy ROSAT results, the increase in the amplitude of pulsations in the energy range where the hard blackbody is dominant is consistent with emission from a hot polar cap that rotates through our line of sight. The pulse phases from ASCA are also consistent with the hard ROSAT band, although the significance of the ASCA data renders the phase determination ambiguous. With better photon statistics in this energy range we would be able to use the pulsation amplitude and relativistic light deflection considerations to constrain the radius of the neutron star (Yancopolous, Hamilton, & Helfand 1994).
DISCUSSION AND CONCLUSIONS
The soft blackbody components we detect are consistent with the ROSAT results (Ö gelman 1995; Ö gelman Finley et al. 1992) and are best interpreted as thermal emission from the entire surface of a cooling neutron star (Nomoto & Tsuruta 1987) . The harder component on which we focus in this paper can be partly due to more detailed neutron star atmosphere models (Pavlov et al. 1994) . However, certain specific models have been compared to ROSAT data and found to be unacceptable Greiveldinger et al. 1994) . When interpreted as blackbody emission, the hard component emanates from an area that is much smaller than that of the soft blackbody component; a natural explanation for this would be the presence of a heated polar cap.
In general, the energy deposited in the polar cap is dependent on the current flowing in and the voltage across the accelerator. The current is difficult to determine with local models (Shibata 1995) , but it will be on the order of the Goldreich-Julian current density, (B p ⍀)/(2e), where B p is the magnetic field strength at the pole, and ⍀ is the angular frequency of the pulsar. The voltage across a polar cap accelerator will be 210 12 V as determined by the breakdown potential (Ruderman & Sutherland 1975) . Using the current density as determined from the parameters in Table 1 and the breakdown voltage, an upper limit to the polar cap temperature for PSR 0656ϩ14 is 5 ϫ 10 6 K, and 4 ϫ 10 6 K for PSR 1055Ϫ52. For a 1.4 M J star with a radius of 10 km the temperatures observed at infinity (T E ) will be 4 ϫ 10 6 K and 3 ϫ 10 6 K for PSR 0656ϩ14 and PSR 1055Ϫ52, respectively, which are close to the observed values.
The following models include effects that are ignored in the very simple analysis above, but they still predict temperatures that are the same order of magnitude as observed. The model of Cheng & Ruderman (1980) uses an ion plasma to moderate the voltage and current in the acceleration region. The temperatures predicted from this model depend on the binding energy of ions in the neutron star surface, and these temperatures are a factor of 4 or more smaller than our rough estimates. The slot-gap model of Arons (1981a) provides a more detailed treatment of the geometry of the acceleration No. 1, 1996 HEATED POLAR CAPS L37 region and predicts T E 2 2.0 ϫ 10 6 K for both pulsars, in accordance with our observations. The model of Halpern & Ruderman (1993) to explain the ROSAT spectrum of Geminga invokes the outer magnetospheric gap accelerators. The accelerating voltages in the outer gaps are larger than those in the polar caps, but as electrons travel from the inner edge of the gap to the stellar surface they lose some energy through radiation. One can determine how much energy an electron will deposit in the polar cap and then determine the maximum temperature that will be seen by using the Goldreich-Julian current density. The maximum temperatures expected are: T E (PSR 0656ϩ14) ϭ 5.4 ϫ 10 6 K and T E (PSR 1055Ϫ52) ϭ 4.3 ϫ 10 6 K. Even though a different acceleration region is used in this model, these upper limits are consistent with the measured temperatures for these two pulsars.
To make predictions for an expected luminosity, the geometry of the polar cap must be assumed. The canonical polar cap radius is given by r c ϭ R(⍀R/c) 1/2 , where R is the neutron star radius (Beskin, Gurevich, & Istomin 1993) , and the three models discussed use this radius, to within a factor of 12, to calculate luminosities. The ratio of the polar cap area to the neutron star surface area is (⍀R)/(4c). For a neutron star radius of 10 km and values of ⍀ similar to these pulsars, this ratio is 110 Ϫ4 , consistent with the value seen for PSR 1055Ϫ52, but smaller than that for PSR 0656ϩ14 by at least a factor of 15.
There have been detections of hot polar cap emission from other pulsars. Since no softer thermal component from the entire stellar surface was detected from the following sources, we will assume a neutron star radius of 10 km to compare with our results. Becker & Trümper (1993) detected thermal emission from the 6 ms pulsar PSR J0437Ϫ4715 emanating from an area that is 24 ϫ 10 Ϫ5 of the stellar surface area. Yancopoulos et al. (1994) detected thermal X-ray emission from PSR 1929ϩ10 and determine, in the simple analysis that we have followed, that the polar cap area is 22 ϫ 10 Ϫ6 that of the stellar area. For Geminga, Halpern & Ruderman (1993) detected emission from both the stellar surface and the polar cap, and the polar cap surface area is 23 ϫ 10 Ϫ5 that of the stellar area. For these pulsars the ratio of cap to stellar area is below that expected, which is 210 Ϫ4 except for PSR J0437Ϫ4715 where the expected ratio is 210
Ϫ2 . There are various other factors that may have bearing on our comparison of observed polar cap size to the theoretical size. The different angles at which we observe the rotating polar caps would cause a difference in the derived polar cap radii. Arons (1981b) allows for the possibility that the polar cap could be larger than that due to a pure dipole. It is also possible that only a portion of the polar cap would be bombarded by electrons to reheat it (Arons 1981a) serving to make the area smaller, and Halpern & Ruderman (1993) argue that for their outer magnetospheric gap model to be consistent with the Geminga data an off-axis dipole is needed. It is conceivable that the right combination of viewing angle, inclination angle between rotation and dipole axes, and deviation from dipolar magnetic geometry may explain the differing polar cap sizes.
The power-law portion of the PSR 0656ϩ14 spectrum is most likely due to magnetospheric emission. The Crab pulsar, PSR 0540Ϫ69 and PSR 1509Ϫ58 are dominated by their magnetospheric processes with power-law photon indices ranging from 1.1 (PSR 1509Ϫ58; Greiveldinger et al. 1995) to 2.4 (PSR 0540Ϫ69; Finley et al. 1993) . The value ␣ ϭ 1.5 for PSR 0656ϩ14 is consistent with this range. For a distance of 500 pc, the luminosity of the power-law component from 0.1 to 2.4 keV is 4.1 ϫ 10 30 ergs s Ϫ1 , and the empirical model for magnetospheric X-ray emission of Ö gelman (1995) predicts a similar luminosity of 7.4 ϫ 10 30 ergs s Ϫ1 in this energy range. Earlier discussion of the excess hard emission discovered in neutron stars considered either a hot polar cap source or a magnetospheric origin. Our results for PSR 0656ϩ14 give evidence that both components may be present. Magnetospheric processes are in fact used to explain the polar cap heating mechanism, and it is not surprising that there is spectral evidence of these processes. This work was supported by NASA grants NAG5-2557, NAGW-2643, and NAGW-2208. 
